Introduction
Proteolytic enzymes are ubiquitous in all organisms and constitute 2-4 % of encoded gene products. They are critical for diverse biological processes such as digestion, blood clotting, host defense, pathogenic infection, viral replication, wound healing, and disease progression, to name but a few. Because proteases trigger an irreversible event-the cleavage of a protein-their activity must be tightly controlled. Dysregulated proteolytic activity causes a disruption in the homeostatic balance of a biological system and can result in any number of poor biological outcomes. As a result, nature has developed a number of strategies to control proteolysis, including spatial and temporal regulation, zymogen activation and protease degradation, and through the inhibition of proteases by macromolecular inhibitors. Somewhat surprisingly, relatively few design principles underlie the mechanisms of inhibition of a myriad range of macromolecular protease inhibitors. Significant engineering efforts have gone into modifying and improving inhibitor potency and specificity, and to a large extent, the same design principles that work well for naturally occurring protease inhibitors have proved valuable for inhibitors developed in the laboratory.
This review aims to survey the mechanisms by which macromolecular protease inhibitors function. To do this, inhibitors have been divided into categories based on their mechanism in order to illustrate that a relatively small number of design principles can be combined to develop new and effective protease inhibitors. These divisions are not strict, and many inhibitors could be grouped in a number of classes. The list of mechanisms presented here is not exhaustive in its treatment of all inhibitors, but aims to be illustrative of the many ways proteases can be inhibited. For more information on genome-wide protease mining, [1] protease mechanism, [2] preclinical inhibition, [3] and drug-discovery efforts, [4] the reader is directed to excellent reviews that have been written in recent years. Figure 1 provides an overview of basic substrate and protease nomenclature that will be used in this review.
Competitive Inhibitors
The vast majority of protease inhibitors are competitive. Despite divergent targets and different mechanisms of inhibition, most protease inhibitors bind a critical portion of the inhibitor in the active site in a substrate-like manner ( Figure 2 ). This is an effective paradigm for potent inhibition, but because related proteases often show a high degree of homology in the active site, substrate-like binding often leads to inhibitors that can potently inhibit more than one target protease. This inhibitor promiscuity is evidenced by the fact that there are 115 annotated human protease inhibitors responsible for regulating the activity of the 612 known human proteases. Though these numbers will change as more refinement of the protease and inhibitor families is achieved, the ratio of approximately one Figure 1 . A) Diagram of a protease active site. A protease, which has a number of specificity subsites that determine its specificity, cleaves a peptide at the scissile bond. Substrates bind to a protease with their nonprime residues on the N-terminal side of the scissile bond and their prime-side residues Cterminal to the scissile bond. The catalytic residues determine the class of protease. Serine, cysteine, and threonine proteases hydrolyze a peptide bond via a covalent acyl-enzyme intermediate, and aspartic, glutamic and metalloproteases activate a water molecule to hydrolyze the peptide bond in a noncovalent manner. B) A serine protease (matriptase/MT-SP1, PDB ID: 1EAX) with the catalytic triad in yellow and the surface loops that surround the active site in blue. While the catalytic architecture of proteases is remarkably conserved, the surface loops are areas of high sequential and structural diversity.
protease inhibitor to five proteases is likely to remain constant. [5] The most thoroughly studied mechanism of protein protease inhibitors is that of the standard (or canonical, or Laskowski) mechanism inhibitors of serine proteases. [6] These inhibitors include the Kazal, Kunitz, and Bowman-Birk family of inhibitors and bind in a lock-and-key fashion. Standard-mechanism inhibitors insert into the active site of the protease a reactive loop that is complementary to the substrate specificity of the target protease and binds in an extended b-sheet with the enzyme in a substrate-like manner (Figure 2 A, B) . While bound to the protease, the "scissile bond" of standard-mechanism inhibitors is hydrolyzed very slowly, but products are not released, and the amide bond can be religated. [7, 8] The standard mechanism is an efficient way to inhibit serine proteases, and is thus used by many structurally disparate protein scaffolds to create potent inhibitors. However, the majority of standard-mechanism protease inhibitors tend to have relatively broad specificity within subclasses of serine proteases. For example, bovine pancreatic trypsin inhibitor (BPTI) efficiently inhibits almost all trypsin-fold serine proteases with P1-Arg specificity with sub-nanomolar potency, and can also potently inhibit chymotrypsin (Phe P1 specificity) with a K I of 10 nm [9] . The majority of protease inhibitors bind in and block access to the active site of their target protease, but do not bind in a strictly substrate-like manner. Instead they interact with the protease subsites and catalytic residues in a noncatalytically competent manner. This differentiates them from standardmechanism inhibitors; however, like standard-mechanism inhibitors, they get most of their potency from interactions within the protease active site, and tend to potently inhibit many related proteases.
The cystatins, a superfamily of proteins that inhibit papainlike cysteine proteases, are a classic example of these inhibitors (Figure 2 A, C) . The cystatins insert into the V-shaped active site of a cysteine protease a wedge-like face of the inhibitor that consists of the protein N terminus and two hairpin loops. The N-terminal residues bind in the S3-S1 pockets in a substratelike manner, but the peptide then turns away from the catalytic residues and out of the active site. The two hairpin loops bind to the prime side of the active site, which provides the majority of the binding energy for the interaction. Thus, both the prime and nonprime sides of the active site are occupied, but no interactions are actually made with the catalytic machinery of the enzyme. [10] The four human tissue inhibitors of metalloproteases (TIMPs) are responsible for the inhibition of dozens of extracellular metalloproteases (Figure 2 A) . They bind to their target enzymes in a two-step mechanism similar to that of the cystatins. While the N-terminal residues of cystatins bind to the nonprime side of cysteine proteases, TIMPs N termini bind in the P1-P3' pockets of the protease, coordinate the catalytic Zn 2 + ion, and exclude a catalytic water molecule from the active site. Meanwhile a second loop of the TIMP binds both in the P3 and P2 pockets, and binds to the N terminus of the matrix metalloprotease (MMP). Despite the similarities in mechanistic architecture between TIMPs and cystatins (hairpin loops and N-terminal residues in substrate binding pockets), TIMPs interfere with the catalytic machinery of MMPs by chelating the catalytic Zn 2 + .
[11]
Competitive Inhibition with Exosite Binding
A number of protease inhibitors are competitive, and bind in the protease active site, but also have secondary binding sites outside the active site that are critical to inhibition. Exosite binding provides two major benefits; it increases the surface area of the protein-protein interaction, leading to a greater affinity, and it can have a significant effect on the specificity of the inhibitor. Many blood-meal parasites have evolved protease inhibitors that take advantage of exosites to prevent host blood clotting. These inhibitors often use similar competitive inhibitory mechanisms to those described above, but have domains that bind to protease exosites and provide a high degree of target specificity. Rhodniin, a thrombin inhibitor from the assassin bug Rhodnius prolixus has two Kazal-type inhibitory domains, a common standard-mechanism serine protease inhibitor domain (Figure 3 A) . While the N-terminal domain binds and inhibits through the standard mechanism, the second Kazal-type domain has evolved to bind to exosite I on thrombin. The binding affinities of the individual domains are roughly additive, and the resultant inhibitor has a K I of 0.2 pm and exquisite specificity for thrombin. [12] Therefore, the inhibitor gains both potency and specificity from exosite binding.
In contrast, the E. coli serine protease inhibitor ecotin uses its exosites to provide binding energy and to actually broaden the inhibitor promiscuity to protect the bacteria from diverse host proteases (Figure 3 A, B) . Ecotin is a dimeric protein that inhibits trypsin-fold serine proteases, regardless of primary specificity. It inhibits using a standard mechanism at its primary binding site, but also has a secondary binding site that can contribute up to 5 kcal mol À1 of binding energy to the very tight enzyme-inhibitor complex. Surprisingly, the individual binding energies of the two binding sites are not additive; the effect of the secondary binding site on affinity was found to be inversely proportional to the strength of binding at the primary site. The secondary binding site seems to provide compensatory effects that can overcome suboptimal binding at the primary binding site; if binding at the primary site is not optimal, the secondary binding interaction tends to be stronger. In this way, the exosite actually makes the inhibitor less specific, or more capable of inhibiting a broad range of proteases, and allows one bacterial inhibitor to protect against a number of host proteases. [13] The recent structures of the calcium-dependent protease calpain 2 in complex with the inhibitory domain CAST4 of calpastatin (Figure 3 A, C) reveal another unique use of binding sites outside the active site. [14, 15] Free calpastatin is intrinsically unstructured, [16] but upon binding to calpain, the polypeptide forms three helices, strung across the surface of the enzyme, and binds in the protease active site to act as a competitive inhibitor. Incredibly, CAST4 buries 2800 2 of surface area on calpain, this is approximately three times the surface area that standard-mechanism protease inhibitors, [17] cystatins, [18] or TIMPs [19] bury when complexed with their respective substrates. The majority of competitive protease inhibitors do not show much induced fit upon binding, and thus do not require a lot of buried surface area. In contrast, CAST4 uses this large amount of buried surface area outside the protease active site to compensate for the entropic penalty of ordering the inhibitor upon binding, and still allows for a K I in the low-nanomolar range. As discussed later, the use of exosites to increase the surface area of a protease inhibitor, and allow for structural arrangements to take place upon binding, is a theme that has been extremely useful in the design of novel protein protease inhibitors.
Irreversible Inhibition
Sometimes called suicide substrates, a handful of protease inhibitors use proteolytic activation by an enzyme to covalently modify and thereby inhibit it. This sort of activity-dependent inhibition is powerful and fundamentally different from the competitive mechanisms outlined above; the inhibitor acts as a substrate, then utilizes the enzymes' catalytic machinery to trap and inhibit the enzyme.
The inhibitor a-2-macroglobin (a2M) and its relatives are responsible for clearing excess proteases from plasma. Less an inhibitor than a "protease sponge", a2M is a large protein, a tetramer of about 600 kD that has four bait loops on its surface. When a protease cleaves one of these reactive loops, it triggers a conformational change, and the protease becomes crosslinked to the inhibitor through surface lysines and arginines. The enzyme is still active; small-molecule substrates can be hydrolyzed by proteases complexed with a2M, but protein substrates are occluded from the active site, and the complex is quickly cleared from the blood. [20] The serpins are a family of inhibitors that covalently and irreversibly inhibit primarily serine proteases [21] (the serpin Crm1 inhibits cysteine proteases). Serpins have a large reactive center loop (RCL) that is presented to a protease for proteolytic processing. Upon productive cleavage of the RCL, the N-terminal half of the RCL, still attached to the protease as an acylenzyme intermediate, is inserted into a b-sheet in the body of the inhibitor. The resulting free-energy change is enough to translocate the protease (still covalently attached to the RCL) to the distal side of the inhibitor, and the resulting steric collisions completely deform the protease active site, thus leaving the protease tethered to the serpin and completely inactive (Figure 4) . The serpin inhibitory mechanism is completely irreversible. Because of the drastic nature and irreversibility of this mechanism, serpins function as protease scavengers, protecting cells and tissues from unwanted proteolytic activity. These types of inhibitors, which take advantage of the catalytic activity of a protease to trap and inhibit the enzyme, are effective and powerful inhibitors that are responsible for protecting the organism from aberrant proteolytic activity from a wide range of proteases. Thus, they tend to be relatively nonspecific. As reviewed by Powers et al, [3] many small-molecule covalent and/or irreversible inhibitors have been developed that rely on the same fundamental mechanism of using enzyme activity to trap and inactivate a protease. These molecules use a reactive warhead that binds to the catalytic machinery of the enzyme, and specificity elements are often linked to the warheads to gain selectivity for one target. However, due to the reactive nature of the warhead and the mechanistic and structural similarities displayed by protease families, absolute specificity is difficult to achieve.
Inhibitors Developed by Protein Engineering
Protein engineering has allowed for the development of new protease inhibitors with increased potency, altered specificity, and diverse mechanisms of action. Because proteases tend to have relatively shallow active sites, a high degree of homology, and can have broad specificity, macromolecules are attractive inhibitors in that they can bury more surface area upon binding, and hopefully gain more potency and specificity than a small-molecule inhibitor. Moreover, from a functional point of view, the extracellular localization of many proteases make them amenable to regulation by proteins and other macromolecules in vivo. Structure-based modifications of naturally occurring protease inhibitors [22] or other scaffolds [23] have been successful, but the evolution of phage display (and similar technologies) has revolutionized our ability to specifically inhibit individual proteases.
The combinatorial nature of phage display allows for the optimization of a number of individual positions on an inhibitor at once, and early protein engineering efforts focused on improving the specificity of naturally occurring protease inhibitors. In an early example of this, Dennis et al. used phage-displayed libraries to randomize residues that interact with the protease subsites to modify and improve the specificity of the Kunitz-type serine protease inhibitor APPI. Using a series of competitive selection strategies, the authors were able to engineer potent inhibitors that were selective for the clotting enzyme factor VIIa (FVIIa), and lost inhibitory potency against homologous enzymes. [24, 25] While modifying the residues that interact with the protease active site has a drastic effect on inhibitor affinity, in naturally occurring inhibitors specificity tends to be gained through the evolution of secondary interactions. As such, randomization of the secondary binding sites of protease inhibitors can greatly increase the specificity of an inhibitor. The standard-mechanism serine protease inhibitors ecotin [26] and eglin c [27] have both been refined at both their primary and secondary interaction sites, which has drastically improved their specificities for plasma kallikrein and kexin 2, respectively. Functioning with inhibitory mechanisms similar to that of rhodniin, the engineering of secondary sites on standard-mechanism protein scaffolds results in potent and selective inhibitors that allow for the modulation of a single protease in complex biological processes. [28] Another strategy has been to develop polypeptide-based proteases inhibitors. Typically consisting of 10-20 amino acids, and often containing disulfide bonds or chemical scaffolding components [29] to rigidify the inhibitors and decrease the entropic cost of binding, constrained peptides have been developed to inhibit aspartic, cysteine, serine, and threonine proteases. While peptides are not thought to be ideal drug molecules, due to their susceptibility to proteolysis, the relatively small size of constrained peptides allows for the creation of extremely diverse libraries. Furthermore, they are amenable to the incorporation of non-natural or d-amino acids, thus greatly increasing potential diversity. The mechanisms of action of these inhibitors have sometimes mimicked known biological mechanisms, and other times have been completely novel (Figure 5 A) . Constrained-peptide phage-display libraries have yielded standard-mechanism inhibitors of the serine proteases chymotrypsin [30] and urokinase-type plasminogen activator (uPA) [31] with moderate potency and specificity. Cyclic peptides have also been shown to competitively inhibit the aspartic protease renin, and are also thought to bind to the enzyme in a substrate-like manner. [32] Constrained peptides that mimic natural inhibitors are essentially a reduction of naturally occurring inhibitors to just their reactive elements. However, a number of allosteric peptide inhibitors have been developed that have novel mechanisms of inhibition; this reveals information about enzyme function and suggest new ways of regulating proteolysis. Constrained peptide libraries have yielded two potent exosite inhibitors of the clotting enzyme factor VIIa (FVIIa). [33, 34] The two inhibitors bind to two different sites outside of the active site of the enzyme, and have unique mechanisms of inhibition. One inhibitor, A-183, functions by forcing a loop near the active site into an inactive conformation and occluding substrate binding to the enzyme. The other inhibitor, E-76 is a noncompetitive inhibitor of FVIIa's natural substrate, factor X, and it seems to work by locking the enzyme in a zymogen-like conformation. In another example of allosteric inhibition, an a- 2344 www.chembiochem.org helical peptide was designed to disrupt the dimerization of the protease from Kaposi's sarcoma-associated herpes virus (KSHV) and thus prevent its activation. [35] These allosteric peptide inhibitors lock their target enzymes in an inactive, closed, or zymogen-like state that prevents substrate binding and impairs catalytic activity, and thus they are usually mixed-type inhibitors. The allure of allosteric inhibition is founded in the idea that there are multiple sites on an enzyme that regulate activity, and because allosteric sites are less likely to show sequence conservation than the protease active site, allosteric inhibitors will hopefully show a higher degree of specificity. Nature utilizes a number of techniques to allosterically regulate proteases. Zymogen activation, dimerization, and the binding of proteins, cofactors, or metal ions are all ways to more finely regulate proteases, and localize proteolytic activity to a specific spatial or temporal location. But as discussed above, with very few exceptions (such as the BIR3 domain inhibition of caspase-9 [36] ), naturally occurring protease inhibitors do not take advantage of the allosteric movements in proteins, and instead are potent competitive or irreversible inhibitors that completely ablate proteolytic activity. Taking advantage of the chemical diversity of phage-display libraries and screening libraries of peptides or antibodies against targets has allowed the isolation of these allosteric inhibitors and the elucidation of mechanisms of allosteric regulation that have not been seen in nature and might not have been discovered by using traditional high-throughput-screening techniques.
A third approach has been to evolve specific protease inhibitors on other natural protein scaffolds. An enzyme-substrate interaction is really a protein-protein interaction, so any protein that can disrupt the protein-protein interaction can be an effective inhibitor. The antibody scaffold has been the most popular to date, but ankyrin repeats, [37] cysteine knots, [38] and aptamers [39] have also been developed into protease inhibitors. By using either hybridoma or phage-display technologies, antibody inhibitors have been raised against all four classes of proteases, and biochemical and biophysical characterizations reveal familiar mechanisms of inhibition. The majority of antibody-based protease inhibitors work by binding to surface loops (see Figure 1 )-thus gaining specificity and occluding macromolecular substrates from the protease active site. [40] [41] [42] [43] The antibody inhibitors that have been shown to bind in the protease active site do so by binding antibody hypervariable loops in a non-substrate-like manner in the substrate binding pockets (Figure 5 B) . [44, 45] In a manner analogous to the cystatins or calpastatin, they adopt conformations that avoid direct interaction with the catalytic nucleophile, thus avoiding hydrolysis. Antibodies directed to the dimer interface of HIV protease [46] or caspase 1 [47] have been used to sequester monomeric forms of the protease, and thus, are able to inhibit their target protease with a mixed-type mechanism (both competitive and noncompetitive inhibition). Antibodies are attractive inhibitors because they are exquisitely specific-antibodies having evolved specifically to bind to their antigen-and are useful biological tools for imaging and in vivo experiments. That they have been able to incorporate many of the design aspects that make naturally occurring protease inhibitors effective suggests that specific inhibitors on alternate protein scaffolds can be developed for many proteases.
Conclusions and Outlook
Relatively few design principles underlie the mechanisms of inhibition of a diverse range of protease inhibitors. Protease inhibitors tend to compete with substrate binding, either through direct competition or deformation of the protease active site. While protein inhibitors can gain potency through the burial of a large surface area and specificity through contacts with specific exosites, small-molecule inhibitors primarily gain potency through interactions with the catalytic machinery of the enzyme, and specificity through interactions with the substrate binding sites. While there are several examples of successful small-molecule protease inhibitors in the clinic, selectivity and potency can be significant challenges when targeting particular protease family members. The search for novel modes of enzyme control, such as allosteric regulation, is therefore particularly exciting, with the hope that these regulatory sites will be more amenable to the design of specific and efficacious inhibitors.
Our evolving understanding of macromolecular protease inhibitor mechanisms has allowed us to dissect complex biological systems and to help determine the role of a single member or an entire family of proteases in either homeostasis or in disease states. Furthermore, protein protease inhibitors have begun to make their way into the clinic. The serpins a1-antitrypsin and antithrombin III, [48] purified from human plasma, are used as replacement therapies for patients deficient in those proteins. A recent illustration of how protein protease inhibitors can translate into the clinic is the example of Kalbitor (DX-88, Dyax Inc). The relatively unspecific standard-mechanism Kunitz domain of tissue factor pathway inhibitor 1 was matured by phage display to have a higher degree of selectivity for plasma kallikrein. [49] In 2009, it was approved for the treatment of hereditary angioedema, and is the first example of an engineered protein therapeutic targeted against a protease. The extracellular location of many proteases, coupled with the increase in knowledge and techniques that allows for the development of more potent and specific inhibitors bodes well for the future of macromolecular therapeutic protease inhibitors.
